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Abstract In order to evaluate the ground-based infrared telescopstissty affected by the noise from
the atmosphere, instruments and detectors, we construenstigity model that can calculate limiting
magnitudes and signal-to-noise rati8y (V). The model is tested with tentative measurementgeband

sky brightness and atmospheric extinction obtained at thar&l Daocheng sites. We find that the noise
caused by an excellent scientific detector and instrumentd 35°C can be ignored compared to thE-
band sky background noise. Thus, whefiV = 3 and total exposure time is 1 second for 10 m telescopes,
the magnitude limited by the atmospherelis01™ at Ali and 12.96™ at Daocheng. Even under less-
than-ideal circumstances, i.e., the readout noise of a de@genic detector is less th&00 ¢~ and the
instruments are cooled to belows7.2°C, the above magnitudes decreasedp6™ at most. Therefore,
according to observational requirements with a large ¢eles in a given infrared band, astronomers can use
this sensitivity model as a tool for guiding site surveygedeor selection and instrumental thermal-control.

Key words. methods: miscellaneous — atmospheric effects — telescepesite testing —
instrumentation: detectors — instrumentation: misceltars

1 INTRODUCTION measured abroadWestphal 1974 Ashley etal. 1996
Smith & Harper 1998 Phillipsetal. 1999 In China,
Infrared observations have unique advantages in astronongj;e surveys have been carried out for many years on
ical research such as observing cool celestial objects ange dry and cold western plateau, and three excellent
extra-solar planets. Many 8-10 m ground-based telescopggeg (Ali site in Tibet, Daocheng site in Sichuan,
(Keck, Gemini, Subaru, etc) are equipped with infraredynq Muztagh Ata in Xinjiang) have been listed as the
instruments. Currently, a 12m optical infrared telescopg andidates for large opticalfinfrared telescopée(2005
and an 8 m solar telescope scheduled to be built in Chingy, et a1 2016Song et al. 202Qk; Feng et al. 2020 By

will be equipped with infrared instrumentsC{i etal.  continuously measuring air-temperature and water vapor
2018 Deng et al. 2016Liu etal. 2013. On the ground, content Qian etal. 2015 Wang etal. 2013 Liu et al.

the sensitivity of large telescopes is affected by Sky201a, astronomers find that the three sites may be
background, atmospheric extinction, detector noise, andyjitable for infrared observations. Nevertheless, direct

instrumental noise. . o evidence that reflects the quality of sites used for infrared
The sky background and atmospheric extinction seppservations is scarce. The near-infrargd  and K

a fundamental sensitivity limit of infrared observations,pand) sky brightness at the Ali site has been measured

so they are key indicators in site surveys of largeyith an InGaAs detector since 201Ddng et al. 2018

infrared telescopes. From the 1970s to 1990s, thqrang etal. 2018 Wang etal. 2018 The M’-band sky

1 pm ~ 30 um infrared sky brightness was widely prightness and atmospheric transmittance were tentativel

measured at the Daocheng site in March 2017 and Ali site
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in October 2017 Zhao 2017 Wang et al. 2020 In the

thermal infrared such asl’-band, even if the best sites where Sig is the signal electrons per seconBly, is

for large telescopes have been indicated by measuring skize electrons per second from the sky backgroub,
brightness and atmospheric extinction, it is also esdentias the electrons per second from the total instrumental
to strictly control the instrumental thermal-emission andbackground containing the emission from a telescope and
detector noise in order to approach the fundamentaklay opticsy is the elementary exposure time in seconds
sensitivity limit of infrared observations at the excetlen for the detectorDark is the dark electrons per second at
sites. Hence, we need to study the various noise sourcesunit pixel, Ron is the RMS readout noise per pixel, and
causing observational errors and determine the condition,;x is the number of pixels covered by a star image.
that the noise of the detectors and instruments can fulfil  TheS/N is shown in Equation2):

the required sensitivity of observations.

In this paper, we analyze the impact of various
noise sources on the ground-based infrared teIescopeN
sensitivity, and then try to provide reasonable suggestion
for detector selection and instrumental thermal-control.

In Section2, we construct a sensitivity model that can

be used to calculate the signal-to-noise rasg{) and = \/m\/
limiting magnitudes. In order to quantitatively describe

the impact of noise caused by detectors and instruments )
on the S/N, we define a physical quantity called the where§ = BSkY/glg' a1 = Bins/Bseyr 02 = Npixel -

quality factor Q...) of the signal-to-noise ratio. In (Dark -t + Ron )/_(BSky ) t), ny is thg number of
Section 3, we provide tentative measurements Mdf- superpoged frames in multi-frame tephmques, apd ¢

band sky brightness and atmospheric extinction obtaine@®" be wewe_d as the total. exposure time. ) )

at the Ali and Daocheng sites. In Sectidrby using the In Equation @), the Sig, By and Bixs in a given
above measurements, we calculate kieband limiting wave-band can be calculated by

S  ny-Sig-t
n NOTRN
= /Sig-nys -t

Sig -t
Sig -t + 2[Bsky - t + Bins - t + Npixel - (Dark -t + Ron?)]

Bsky 1
B 1+2(8+8-a1+8-a)’

@

magnitudes of 10 m telescopes and discuss the noise Sid— o W(Q)Qi 3)
distribution and instrumental thermal-control. In Secto 9 = Tatm TinsTsigT o) 5 0
final conclusions are summarized. D A
al conclusions are summarized By :TinsankyTr(E)QQstar%; 4)
2 THE SENSITIVITY MODEL BASED ON SKY Bins = nLinerr (2200 2 (5)
BRIGHTNESSAND ATMOSPHERIC 2 h
EXTINCTION In Equations 8), (4) and 6), T.um iS the atmospheric
_ _ _ transmittancer;,s is the total instrumental transmittance,
2.1 The Signal-to-Noise Ratio (S/N) and the 7 is the quantum efficiency of a detectdt,, is the flux
Exo-Atmospheric Magnitude of a star, L, is the sky brightness,;, is the radiance

of instruments§)., is the solid angle subtended by the

In astrqnomlcal observations, noise is usually causgd b age of a starp is the telescope diametérjs the Plank
fluctuations of electron numbers produced by a signa

. onstantg is the velocity of light, and\ is wavelength.
and background. The signal may be from a star, an .
. In Equations 4) and &), the L, and theL;,s can
the background generally consists of sky backgroun% . . .
. . _be obtained by measurement or simulation. Based on the
instrumental background, dark current, and readout noise. - .
) . lack-body radiation theory, for any object another form
In order to find an accurate signal the backgroun .
- : 8f radiance can also be expressed by
needs to be subtracted. However, in the thermal infrare
the background is hard to accurately subtract because Lobj = €obj - Lgbj = €opj * L2 b (6)
it usually fluctuates rapidly. Thus, the variance of the . S .
. . . here ¢,1,; is the real emissivitye}, . is the effective
background noise may be added twice into the total .~ . . . oo L L
. . ) emissivity, L,,; is the radiance of an objeck,, . is the
noise variance Lena etal. 2012 Hence, the standard . . ©ob)
L . . . black-body radiance at the object’s temperature, &g,
deviation of a fluctuating signal and background, which. . .
. . S is black-body radiance at the ambient temperature. By
typically obeys a Poisson distribution, can be expressed as . . o .
using the effective emissivity a more convenient form of

Equation (): :
g b a1 can be rewritten by
X * . Tb *
o= \/Sig -t 4 2[Bsky - t + Bins - t + Npixel - (Dark -t + Ron?)], o] = Bms = Cins Lamb = Cins , (7)
(€} Bgiy Tins * G:ky : Lgmb Tins e:ky
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whereej,  is the effective emissivity of sky, and  is the (1) For2g < 1, S/N|rr, ~ /nj-t-Bay/B
effective emissivity of the instruments. 5~1/2. The intensity of the stellar flux is far greater than

From Equations3) and @), F;, can be expressed by the sky background, and the sensitivity is limited by the
signal shot noise.

Flig = M (8) (2) For 25 > 1, which is called the background-
B+ Tatm limited domain,a; + as ~ (Q=2 — 1) andS/N|. ~
Then the exo-atmospheric magnitude of the stellar flux is/7f -t - Bay/2/8 o< 7', We take the partial
obtained by derivative of S/N|r1, with respect to3, and then obtain
9(S/N|tL)/(S/N|r,) = 98/8. Likewise, taking the
Maig = ,2_510g10(&) partial derivative of theng, in Equation @) with respect
Fo < AA (9) o B, we can obtaind(msgis) = 2.5 x logip(e) x
= ,2_510g10(Lsky Dstar 1 ), 0B/p. Thus, in this domain, the slight reduction relative
B Tatm  Fo X AX to the magnitude limited by sky background can be
whereF, is the spectral flux of zero magnitude in a given @PProximately obtained by
wave-band, and\\ is the bandwidth of filter. A(Z|1)
Obviously, if the sky brightness and the atmosphericAmsig = 2.5xlogio(€) % ﬁj\? = 1.086 % (1—Qgnr)-
extinction at astronomical sites are given, the relatigmsh NITL (13)

betwe_enS/N or msig and 5 can be easily obtained by pased on the desiretim.;,, Equation {3) can be used to
Equation @) or (9). Thus, for anyS/N, msg can be  royghly estimate.... However, this only applies to the

calculated. circumstances wher§/N approaches TL. By combining
_ _ _ _ Equations 12) and (@3), we can useQs, to obtain
2.2 The Quality Factor of the Signal-to-Noise Ratio reasonable requirements for detector noise and instrument

In the infrared observations on the ground, the detectorr]O'Se_'_Thus' accordlng to t@sm’ the background-l|m|t§d
. . : condition of astronomical sites (BLCAS) can be defined
noise and the instrument noise make gV always

lower than its theoretical limit (TL) determined by sky mathematically as

background and stellar intensity. In order to quantitdyive 28> 1
describe the impact of noise caused by detectors and {Q' o (14)
instruments on theS/N, it is necessary to introduce o

a physical quantity which can express the decrease @&s illustrated in Equation 13), if we can accept that
S/N. From the foregoing discussion we find that whenthe maximum magnitude reduction with respect to the

(1 + a2) — 0, S/N reaches its TL. Thus, we obtain magnitude limited by sky background is abdui5™, the

Equation (0): minimum of Q,, should be about 0.95. Hence, in the
background limited domain, the upper limit of + as is
S — lm S i Bgxy 1 0.11, which determines the maximum noise allowed from
NITL  (a1+a2)—0 N f 8 1428 instruments and detectors.
(10)

According to Equations2) and (L0) a physical quantity 3 THE MEASUREMENTS OF M’-BAND SKY
Qsny called the quality factor of S/N can be defined as BRIGHTNESS AND ATMOSPHERIC
follows using EquationX1): EXTINCTION

VI+238 1 Between 2015 and 2017 an atmospheric mid-infrared
%|TL - \/1+25+25(a1+a2)' (1) radiation meter (AMIRM)_ was d_eveloped by_Yunnz;n
Observatories and Kunming Institute of Physics. With
Obviously,0 < Qs < 1. The largerQsy, is, the better  the AMIRM, we measured thal’-band sky brightness
is the sensitivity of the telescope. For the givérand  and atmospheric extinction at the 4750 m Daocheng site
Qsnr in Equation (1), a1 + a2 can be calculated with (29.107° north, 100.109° east) in late March 2017, and
Equation (2): at the 5100 m Ali site 32.306° north, 80.046° east) in
late October 2017. The experimental scenes are shown in
(12)  Figuresl and2.
The specifications of the AMIRM are given in Taldlg
From EquationsX0), (11) and (L2), one can obtain the all optical elements except double sealing windows of the
following facts for a given sky background: equipment were cooled te40°C.

Z|w

anr =

1

snr

1
+55)
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Fig.1 The experimental scene at the Ali site. Fig.2 The experimental scene at the Daocheng site.
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Fig.3 Nephogram of outer window temperature. Fig.4 Window temperature with air-temperature.
Table1l The Specifications of AMIRM the temperature of the windows is significantly affected

by air-temperature. Figur8 shows that the simulating

Fquipment Apzr:;?:tzr ) 7\/:|ue temperatures of the outer window are affected by the air-
Optical system Fgca' I(_engt?(m) 15 tempgrature of-—10°C. . .
Operating temperaturé () —40 4 0.02 Figure 4 illustrates that the simulating average
Filter spectral responsgufn) ~ 4.605 ~ 4.755 temperatures of the windows vary with air temperature and
Operating temperature ) —196.15 are far higher than-40°C under the usual air-temperature
HgCdTe detector ﬁﬁgiﬁgﬁiﬁg; sedn) 3'7;04'8 conditions. Hence, calibration is necessary to eliminate
Format (pixel) 320 x 256 the fluctuating thermal radiation of the windows. In the

M’-band, the multivariate equatioZifao 2017 obtained
by calibrating in a temperature environmental chamber is

Our filter lies within the spectral range of the ¢pounin Equation15):

M’ (4.57um ~4.79um) filter at Mauna Kea Observatories

_ 5 M’ 3 M’
(MKO, Leggettetal. 2008 Hereafter, M’ means the  fadu = 4.875x 10" -t Ly, +8.489 x 1071 - Loy,
spectral response between 4.605 and 4.75%m. +2.549 -t + 707,
(15)
3.1 Multivariate Calibration of the AMIRM where 7,4, is the reading (the unit is in ADU) of the
AMIRM, ¢ is exposure timel.}}/, is radiance of skyL ]\,

The sealing windows of the AMIRM are close to theis black-body radiance at the air-temperature. The rms
air and far from the cooler which is at40°C, so error of Equation15) is 4.25 ADU.
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Fig.9 S/N and magnitudes of 10 m telescopes at Ali.

3.2 TheMeasured Sky Brightness at the Ali and
Daocheng Sites

In Figure5 we illustrate a one-hour sequence of &
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Fig.8 Transmittance calculated by LBLRTM.
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Fig.10 The effects of detector noise at Ali.

been measured from 21:35 (6:00) to 22:35 (7:00) Beijing
time at Ali (Daocheng). The low frequency fluctuations
of sky brightness are the sky noise usually subtracted

band at the darkest sky brightness of the zenith which had
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sor = 0.95, @y + v = 0.11 (i

10 Table 2 Statistics of the One-hour Sequenceldfband
Sky Brightness

Value (x1076 W - Sr=! . cm—2)
Maximum Minimum Mean Standard deviation

5 Ali 1.303 1.256 1.275 0.009
Daocheng 1.284 1.266 1.274 0.004
4 Mauna Kea* - - 2.670 -

*Calculated by using the data with a water vapor column ofird and
3 an air mass of 1.0.

Site

-5 1. pixel 1)
~

Dark current (e

Table 3 TheM’-band Atmospheric Extinction

Site Atmospheric extinction at unit air mass
0 N 0 (mag- airmass’!)
0 50 100 150 200 250 -
Readout noise (e”) Ali 0.20
Daocheng 0.25
Fig.11 The distribution of noise between a detector andMauna Keakeggett et al. 2008 0.23

instruments at Ali.

3.3 The Measured Atmospheric Extinction at the Ali

Tins = 0.5, €, = 0.1554, Ambient temperature —5.4°C €hnsx 10 and Daocheng Sites
T T — T T T T T T 8

‘ F o =129%x10"1@ —135°C of instruments‘

\

7 The apertures of equipment used to measure the thermal
infrared atmospheric radiation are usually very small.
Therefore, it is generally impossible to measure at-
5 mospheric extinction using infrared standard stars in
astronomical site surveys. For this reason we present
a convenient method for the thermal infrared-band to
3 measure extinction based on the atmospheric radiation
) transfer equation, as shown in Equatid®)((Zhao et al.
2018 Wang et al. 202D

-20

-40

-60

-80

-100

Required cooling temperature (°C)

-120

140 . . . . . . . . . Isky =a- (1 — e_o'i.AM), (16)
0.01005 01 015 02 025 03 035 04 045 05
Real emissivi f instrumen . . .
. cul emissivity of instruments wherely,, is ADU readings ofVM’-band sky calibrated by
Fig.12 The thermal-control of instruments at Ali. Equation (5), AM is air mass at any zenith angles, and

04 is the average optical depth M’-band at the zenith.
by a chopping technique in the infrared astronomical Figure7 shows that the measured sky brightness at
observations. different air masses is fit by Equatiot§), and theO,
The histogram for the above time sequence is showAbtained by fitting is 0.18 at Ali, and 0.23 at Daocheng.
in Figure6, and the mean, standard deviation, minimum,From e~ 9+ 4M the transmittance at the zenith is 0.84
and maximum are shown in Tab® The M’-band sky at Ali and 0.80 at Daocheng. As a reference, by using
brightness at Mauna Kea is also listed as a referendeBLRTM (Line-By-Line Radiative Transfer Model), we
in Table 2, which is calculated by us based on thecalculate the spectral transmittance at the zenith with
simulated data of spectral (between605 pm and radiosondes data of Nafuand the transmittance results
4.755 pum) emission of the sky on Gemini Observatory’s are shown in Figure8. By integrating the spectral

websité(Lord 1993. transmittance inVI’-band, the mean transmittance is 0.82
The spectral flux of the’-band zero magnitude is at Naqu.
2.2 x 107 W-cm=2 - um~! (Lénaetal. 2012 Thus, The atmospheric extinction can be calculated by
the magnitude per square arc-second of the mean sky B
brightness in Tabl@ is 2.867mag - arcsec 2 at Ali, 2.868 MMext = Matm = MMexoatm
mag - arcsec” 2 at Daocheng, and 2.064ag - arcsec ™2 at = —2.5log;o(e 94 AM) = 1.086 x Oy - AM,
Mauna Kea. 17)
1 https://ww. gem ni . edu/ observi ng/ 2 http://weat her. uwyo. edu/ upper ai r/ soundi ng.

t el escopes- and- si t es/sit es#l RSky ht m . The radiosonde data of Ali and Daocheng are lacking.


https://www.gemini.edu/observing/telescopes-and-sites/sites#IRSky
https://www.gemini.edu/observing/telescopes-and-sites/sites#IRSky
http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
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Table4 Input Parameters for Calculatidd’-bandS/N and Magnitudes

Type of parameter ~ Parameter name

Value

Observational Total exposure timesj 1
parameters Elementary exposure time (s) 1.6 x 1075 ~ 2.6 x 10~ @ 70% well fill
Telescope+Relay optics transmittance Photometry: 0.5
Equipment Quantum effici(_ency of detector 0.85
specifications Full-well capacity of detectore(") ~ 108
Dark electronsd~ - s~1 - pixel 1) 10~ @ —243°C 10° @ —143°C

RMS readout noisec(")

10 500

Table5 Limiting Magnitudes of 10 m Telescopes without InstruméBtaission

Scientific detector

Commercial detector

Site mBLCAS

a2 Qsnr m3o a2 Qsnr m3c
Ali 1.5026 x 10—4 0.9999 13.0122™ 0.6633 0.7755 12.7361™ 13.0123™
Daocheng  1.5026 x 10~%  0.9999 12.9596™  0.6634 0.7755 12.6835™  12.9597™
Mauna Kea 1.5018 x 10~% 0.9999 12.5716™ 0.6305 0.7832 12.3063™  12.5716™

where m,.,, IS the magnitude through the atmosphere calculate thens, by EquationsZ) and @), which is shown
and mexoatm IS the magnitude beyond the atmospherein Table5. The curves that relaté/ N and magnitudes at
Atmospheric extinctions at a unit air mass calculated byAli are shown in Figur®, where the two five-pointed stars

Equation (7) are given in Tablg.

The results of atmospheric extinction at Ali and

meanS/N = 3.
In Table5, mBLCAS is 30 magnitude limited by the

Daocheng are slightly different from MKO because theatmosphere. The scientific detector has little impact on the

wave-band of our filter is narrower than MKO's.

4 THESENSITIVITY RESULTSAND DISCUSSION

limiting magnitude, which is less than0001™ at all three
sites. The commercial detector has a significant impact on
the limiting magnitude, which is aboQt3™.

As discussed in Sectior.2, for Qg > 0.95,

In this section we first test the sensitivity model bythe calculateddo magnitudes are greater thaa.956™

calculating theM’-band limiting magnitudes of 10 m

telescopes at the above three S|te§ and then discuss %%pectively,
problem of detector selection and instrumental thermal- grcas

control. The involved input parameters are listed in Tdble

and two infrared detectors with different levels are choser|1_|

for comparison.Dark 0.1 e~ - s . pixel ' and

12.904™, and12.516™ at Ali, Daocheng, and Mauna Kea
which decrease at mostthy56™ relative to

3 . Obviously, theQ),,, can clearly reflect whether
the sky background limited sensitivity is approached.
ence, based on the requirements of observations, we can
easily select appropriate detectors usipg,,.. Figure 10

Ron = 10 e~ are parameters of the scientific detector use
on KeckII (McLean 2003. Dark = 10° e~ -s~ ! - pixel ™!
andRon = 500 e~ representthe noise level of commercial

%hows thev, varying with different detector noise and the
curve ofay = 0.11 determined by, = 0.95.

infrared detectors(Rubaldo et al. 2016 The required site
parameters are from Tabl2and3.

4.1 M’-band Limiting Magnitudes of 10m Telescopes

Under the circumstances that an infrared telescope is usé@Pout 2.6 x 10° e

atits diffraction limit, we have thd@.,, = 7(1.22)\/D)?.
According to Equation4), the electrons per second at

a unit pixel from the sky background at Ali, Daocheng,

and Mauna Kea are abo2i567 x 106, 2.565 x 106, and
5.376 x 10° respectively. If an airy disk is resolved at the
Nyquist frequencyppixel =~ 4 andas = 4 x (Dark -t +
Ron?) /(Tinsn Ley™(0.610)t 2 ). The limiting magnitude
at S/N 3 is denoted byms,. Under the condition
that the instrumental emission is ignored (= 0), we

3 https://ww. | ynred. con product s

From FigurelOwe should select the detector such that
the readout noise is less th2§0 e~ for Dark = 10~te™-
s~ 1.pixel ™!, and200 e~ for Dark = 10° e~ -s~!-pixel 1.
The dark current just provides a small contributiomto
because it is far less than the sky background electrons
~ . 57! . pixel™') in M’-band for
the above two detectors. The dark current significantly
decreases with decreasing the temperature of detectors.
Therefore, for deep cryogenic detectors, we should pay
special attention to readout noise.

4.2 The Discussion on Noise Distribution and
Instrumental Thermal-Control

For thermal infrared observations, in addition to detector
noise, we should also strictly control instrumental thdrma
emission, which is determined by the real emissivity


https://www.lynred.com/products
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Table 6 The Required Cooling Temperature of atmospheric extinction in western China, and then the

Instruments foQ s,y = 0.95 sensitivities limited by the atmosphere for 10 m telescopes
were estimated. According to a given requirement of

Site The cooling temperaturé () observational sensitivity, we discussed the principles
€ins = 0.01  €ns = 0.25  €ns = 0.5 of noise distribution and the problem on instrumental

Al @ —5.4°C o947 —79.03 8718 thermal-control. The better a site is, the more one
Daocheng @-10°C —29.50 —79.05 —87.19 needs to choose an excellent detector and strictly control

instrumental thermal emission. When the instrument noise
and temperature of the instruments. By using the abovean be ignored, readout noise should still be less than
analysis, we can select a deep cryogenic detector sucl0 e~ For Ali or Daocheng, if we choose a detector such
that the dark current can be ignored and the readout noigfat the readout noise 0 ¢~ and the dark current can
is 200 e~. According to the measured sky brightnesshe ignored, in order to fulfil.,, > 0.95, the instruments
in Table 2 and Equation &), the effective emissivity of whose real emissivity is 0.5 should be cooled to below
sky is 0.1554 of—5.4°C at Ali, and 0.1898 of—10°C  —87.2°C.
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